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Despite the advent of bortezomib, thalidomide and lenalidomide, relapse of multiple myeloma (MM) is common, and novel therapies are needed urgently. 1 Interactions of MM cells with bone marrow (BM) accessory and immune effector cells inhibit antitumor immunity as well as induce MM growth, survival and drug resistance. 1 For example, we showed that plasmacytoid dendritic cells (pDCs) are increased in the BM of MM patients compared with normal BM, and these contribute to immune dysfunction, as well as promote tumor cell growth and survival. 2 Aberrant pDCs' function in MM is evidenced by their interaction not only with MM cells but also with immune effector T cells: MM BM pDCs have decreased ability to trigger T-cell proliferation compared with normal pDCs. 2 Dysfunctional T cells and natural killer (NK) cells in MM 3, 4 together with functionally defective pDCs 2 confer immune suppression in MM. To date, the mechanism(s) and the role of immunoregulatory molecules mediating pDC-T cell and pDC-NK cell interactions in MM remain undefined. Here we extended our previous studies 2,5 to examine the role of immune checkpoint receptor programmed cell death protein 1 (PD1) and its ligand PDL1 in pDC-T cell and pDC-NK cell interactions in the MM BM milieu, and to determine whether this interaction represents a therapeutic target to restore antitumor immunity and cytotoxicity. PD1 (CD279), a member of the CD28 family of receptors, is expressed on the surface of antigen-activated and -exhausted T cells. 4 PD1 has two ligands, PDL1 (B7-H1; CD274) and PDL2 (B7-DC; CD273). Although PDL1 expression has not been observed in normal epithelial cells, it is highly expressed on many solid tumors. 6 PDL2 is more broadly expressed on normal healthy tissues than PDL1. The physiological role of PD1 is to maintain T-cell homeostasis by restricting T-cell activation and proliferation, thereby preventing autoimmunity. Importantly, the interaction of PD1+ T cells with PDL1-expressing cells inhibits T-cell responses. [7] [8] [9] In the context of MM, studies have demonstrated PD1-expressing T cells and NK cells in the MM BM milieu, as well as PDL1 on MM cells. 3, [10] [11] [12] [13] However, the expression of PDL1-PD1 on MM patient-derived pDCs and its functional significance during pDC-MM-T-NK cell interactions remain undefined.
We first analyzed freshly isolated MM cells, pDCs and T cells from MM patient BM samples (n = 11) for PDL1 and PD1 expression using flow cytometry (fluorescence-activated cell sorter (FACS)). Both MM cells and pDCs expressed high surface levels of PDL1, whereas T cells showed high PD1 levels (Figures 1a-c). No significant PDL1 expression was noted on normal BM plasma cells. Our findings are consistent with previous reports showing that MM cells, but not normal plasma cells, express PDL1. 3, [10] [11] [12] [13] These data indicate that the interactions between PDL1-expressing MM cells and pDCs with PD1-positive T cells may contribute to both T-cell and pDC immune dysfunction in MM, and MM cells may escape antitumor immunity by virtue of PDL1 expression.
We next examined whether blockade of PDL1-PD1 restores anti-MM immune response and/or affects pDC-induced MM cell growth, using a monoclonal antibody (Ab) specifically directed against PDL1. A recent study analyzed the expression of PD1 and PD1-ligands in the tumor immune microenvironment and demonstrated clinical responses to anti-PD1 Ab therapy in PDL1positive tumors. 8 PDL1 is expressed in both pDCs and MM cells, including relapsed or refractory MM, 13 and we hypothesize that blockade of PDL1 will alleviate T-cell immune suppression conferred by both MM cells and pDCs during pDC-MM-T cell interactions. Moreover, as PDL1 binds not only to PD1 but also to CD80, on T cells to induce T-cell inhibition, 14 anti-PDL1 Ab may block both co-inhibitory signals on T cells. Preclinical and clinical studies have begun to examine the utility of anti-PDL1 monoclonal Ab in MM. 10, 11, 15 Here we targeted PDL1 rather than PDL2 for the following reasons: (1) PDL1 is more restricted in its expression on normal tissues than PDL2, and targeting PDL1 may therefore cause less on-target off-tissue toxicity; 9 (2) a recent report correlated PDL1, but not PDL2, expression with response to anti-PD1 therapy; 8 
and (3) we found that both pDCs and MM cells express variable and low levels of PDL2 versus PDL1.
We first examined whether blockade of PDL1 affects the ability of pDC to induce MM cell growth. The patient MM cells or MM cell lines (MM.1S, MM.1R and RPMI-8226) were cultured either alone or together with MM-pDCs in the presence or absence of anti-PDL1 Ab for 72 h, followed by analysis of growth. pDCs triggered proliferation of autologous MM cells and MM cell lines, as in our previous studies. 2, 5 Importantly, anti-PDL1 Ab did not significantly inhibit pDC-triggered growth of MM cells (Figure 1d and Supplementary Figure 1 ). Our recent study showed that targeting toll-like receptor-9 blocks pDC-induced MM cell growth, 2,5 which served as a positive control in these studies (Figure 1d and Supplementary Figure 1 ). Although blocking PDL1 does not affect pDC-induced MM cell growth, pDC-MM cell interactions upregulate PDL1 expression on both cell types, consistent with earlier observations that BM stromal cells induce PDL1 expression on MM cells. 13 Such interactive mechanisms enhancing PDL1 expression in the MM BM milieu further abrogate PD1-expressing T-cell Accepted article preview online 24 February 2015; advance online publication, 24 February 2015 responses. Nonetheless, our findings show that targeting PDL1 alone does not either affect the viability of pDCs and MM cells or modulate pDC-induced growth of MM cells.
We next examined whether blockade of PDL1-PD1 affects the biologic sequelae of pDC-T cell interactions. pDCs from MM patients (n = 10) were cocultured with autologous T cells in the presence of anti-PDL1 Ab or isotype control Ab for 5 days, and CD4+/CD8+ T cells were quantified with CellTrace Violet-Cell Proliferation Kit (Life Technologies, Grand Island, NY, USA) using FACS. Blockade of PDL1-PD1 with anti-PDL1 Ab triggered a significant increase in both CD4+ and CD8+ T-cell populations: 29 ± 2.1% and 40 ± 2.7% increases in CD4+ and CD8+ T cells, respectively, compared with isotype controls (Po0.005; Figure 1e ). A similar increase in CD4+ and CD8+ T-cell population was observed in response to anti-PDL1 Ab in cocultures of pDCs, T cells and MM cells (data not shown). Together, these results indicate that blockade of PDL1-PD1 using anti-PDL1 Ab enhances T-cell response to autologous pDCs.
We next asked whether blockade of PDL1-PD1 triggers the generation of MM-specific cytotoxic T lymphocytes (CTLs) ex vivo. Freshly isolated CD8+ T cells from MM patient BM (n = 10) were cultured with autologous pDCs in the presence of isotype control or anti-PDL1 Ab for 5 days; then green fluorescent protein-positive (GFP+) MM.1S cells were added for 3 days, followed by (Figure 2a ). Importantly, pDCinduced CD8+ CTLs show marked cytolytic activity against autologous MM cells (n = 8) (Figure 2b ). Of note, 5 of the 8 patients in whom pDCs, T cells and MM cells were studied had MM resistant to bortezomib, dexamethasone and lenalidomide therapy.
Besides CD8+ T cells, blockade of PDL1-PD1 also triggers proliferation of CD4+ T cells in pDC-T cell cocultures (Figure 1e ), and we therefore next examined whether pDC-induced CD4+ T cells are cytolytic against MM cells. MM patient CD4+ T cells were cultured with autologous pDCs in the presence of isotype control or anti-PDL1 Ab for 5 days; then GFP+ MM.1S cells were added for 3 days, followed by quantification of viable GFP+ MM.1S cells. Anti-PDL1 Ab increased MM-specific CD4+ CTL activity, albeit to a lesser extent than CD8+ T cells ( Supplementary Figure 2) . Taken together, our findings show that blockade of PDL1-PD1 with anti-PDL1 Ab in pDC-T cell interactions triggers broad anti-MM immunity.
A previous study showed that NK cells from MM patients, but not normal healthy donors, express PD1. 3 We therefore next examined whether blockade of PDL1-PD1 in pDC-NK cell interactions using anti-PDL1 Ab alters NK cell-mediated MM cell cytotoxic activity. NK cells isolated from MM patient samples (n = 5) were cocultured with autologous pDCs in the presence of anti-PDL1 Ab or isotype control for 5 days; then GFP+ MM.1S cells were added to the activated NK cells for 3 days, followed by quantification of viable GFP+ MM.1S cells using FACS. Anti-PDL1 Ab triggered a marked increase in NK cell cytolytic activity against MM cells (Figure 2c ). These findings suggest that PDL1-PD1 signaling axis between pDCs and NK cells abrogates normal NK cell function in MM and, conversely, that anti-PDL1 Ab restores NK cell-mediated anti-MM activity.
Our study therefore shows that pDCs confer T-cell and NK cell immune suppression in the MM BM milieu by engaging immune checkpoints via PDL1-PD1 signaling axis. We show that PDL1 is highly expressed on pDCs and MM cells, implicating a two-pronged suppression of PD1-expressing T cell and NK cell immune function, and blockade of PDL1-PD1 using anti-PDL1 Ab generates robust MM-specific CD8+ CTL activity, as well as enhances NK cell-mediated MM cell cytolytic activity. As PDL1-expressing pDCs are increased in MM BM and localize with PDL1-positive MM cells, 2 PDL1 expression may correlate with progression of disease, with highest levels in relapsed or relapsed/refractory MM. Indeed, a recent study showed that PDL1 expression positively correlates with increased proliferative potential of tumor cells and resistance to therapies in MM. 13 Finally, current anti-MM therapies, that is, immunomodulatory agents such as thalidomide, lenalidomide or pomalidomide, modulate MM-host immune responses, suggesting that a combination treatment with anti-PDL1 Ab may enhance both host anti-MM immunity and clinical response.
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